The long-term transient spectra of heavily Mg-doped GaN have been investigated. As the excitation power density increased, the broad Mg-induced emission band showed blue-shift revealing characteristic of donor-acceptor pair (DAP) recombination. We also observed an unusually slow intensity decay. The characteristic time constants range from several tenths to a few hundred seconds for emission between 360 and 460 nm. Our results are interpreted in terms of metastability due to compounded effects of differential DAP population and recombination rates and uneven acceptor distribution.
INTRODUCTION
Since the breakthrough of p-type doping in GaN-based materials, high brightness blue/green light emitting devices have been commercially available.1 However, it is difficult to avoid defects and impurities during material growth. To identify and even eliminate the defects are thus very needed. In recent years, some interesting phenomena related to various defects have been reported. For instance, the persistent photo-conductivity is one that can be attributed with meta-stability of energy levels within band gap.5'6'9 The photoluminescence (PL) blue shift with the increasing excitation power is another.7'1°I n this paper, we report an unusually slow PL intensity reduction of donor-acceptor pair (DAP) recombination in a heavily Mg-doped GaN (GaN:Mg) film. The characteristic time constants range from several tenths to a few hundreds seconds between 360 and 460 nm. Our results are interpreted in terms of meta-stability due to combined effects of differential DAP population and recombination rates, and non-uniform acceptor distribution that is believed to consist of broad sub-bands by overlapping shallow Mg acceptor levels with deep impurity band.
EXPERIMENTAL
The GaN:Mg film was grown on the (0001) sapphire substrate at 1075 °C by metalorganic chemical vapor phase epitaxy.11
A 375 A GaN buffer layer was prepared at 520 °C before the epilayer growth. The Ga and N precursors were trimethylgallium (TMGa) and ammonia using the flow rates of 10.3 mol/min and 0.7 standard liter per minute, respectively. For Mg doping, bis(cyclopentadienyl)-magnesium (Cp2Mg) diluted with hydrogen was used at a flow rate of 0.16 tmol/min that is equivalent to a Cp2MgiTMGa mixing ratio of 0.0154. The Mg concentration was determined to be about 4.5x1 019 cm3 by secondary ion mass spectrometry calibrated with a Mg ion-implanted standard. For the PL measurements, we utilized a He-Cd laser (Kimmon 1K 5552R-F) operating ar 325nm for above-band-gap excitation, and a monochromator (ARC PRO-500) and a photomultiplier tube (Hamamatsu R-955) for detection!2 The samples were held in a closed-cycle refrigerator (APD Cryogenics HC-2) for different temperature measurements between 10 and 350 K. The incident probe power density was varied from 2.5 to 950 W/cm2 by optical glass filters neglecting reflection, transmission and scattering parts. The evolution of luminescence intensity at a range from 2.84 to 3.16 eV was also monitored by a fast data acquisition systern. Fig. 1 shows the PL spectra of GaN:Mg at 21 K with the probe power density increased from 2.5 to 925 W/crn2. Only a broad violet-blue emission is observed and its intensity is seen to grow more than 1500 times (see circles in Fig. 2) and not saturated yet. This broad band shows a tail extended beyond 500 nm that represents the overlapping of many unresolved structures. It can be attributed to either free electron-or donor-to-deep Mg-related acceptor (e,dMg° or D°, dMg°) transitions,13 because unintentional donor states are likely present in a heavily doped sample. The Mg-related sub-band has been Wavelength (nm) reported as deep as 650 meV from the valence band and yet may overlap with the shallow Mg acceptor (Mg°) levels. It is due to randomly dispersed deep acceptors,14 defects and impurities (such as VGa, VN, Mga, °N and Mg-complexes).7 '8'1517 As the probe power increases, the emission profile appears less symmetric and skews towards shorter wavelength with a narrower line width. Such an excitation induced blue-shift from 2.82 to 3.16 eV (see squares in Fig. 2 ) reveals the DAP characteristics,18 that is opposite to the temperature induced red-shift from band gap renormalization. 19 The small peak around 392 nm on top of the broad band (in high power spectra) is assigned to the DAP one-phonon rep- Besides, we observed the intensity reduction of the broad violet-blue emission on a time scale of several tenths to a few hundreds seconds, and found that the schematic diagram mentioned above is helpful to elucidate this behavior. The intensity evolution was monitored every 10-nm across this band under the fixed excitation of 925 W/cm2 of which only six lines are shown in Fig. 3 . Through constant pumping, photo-excited electrons will either undergo free-to-bound, or relax to the shallow donor levels first and then recombine with holes in both shallow and deep sub-bands. Because of local minimum energy,24 electrons trapped in the deep sub-band usually relax slowly to the shallow sub-band and valence band. However, they may be re-excited by the continuous pumping and thus the overall recombination rate varies with time. This metastable behavior can be modeled by a simple two-intermediate-band system (using coupled rate equations) in which electron transition rate is approximately given by,
RESULT AND DISCUSSION
where 'U1 is the rising time constant, t2 and T3 are the decay time constants, respectively.
As an illustration, we have simulated the upper part of the intensity evolution at 400 nm in Fig. 3 . The circles are the experimental data and the solid line represents the least-square fit by adopting a tri-exponential function that looks extremely good. The temporal behavior can be divided into two parts, in the first 10 seconds the PL intensity increases rapidly with a time constant of t = 11 k1 = 1 second, and afterwards it decreases slowly with two decay constants of 12 / k2 = 39 On the other hand, different time constants would cause serious distortion in the spectral line shape, especially when one uses a scanning spectrometer combined with a single channel detector (photo-multiplier tube, PMT). Since it may take 5 to 15 minutes to acquire a typical PL spectrum, the final spectral distribution will be dominated by the emissions having long time constants. We show such an effect as the crosshatched area in Fig. 1 , where the histograms of the integrated PL intensity over a 10-second period in the interval from 50 to 150 seconds are drawn from the emissions displayed in Fig. 3 . Evidently, the main portion of luminescence is from emissions having long time constants. In order to correct the aforementioned spectral distortion, it is preferable to use a multi-channel detector that is able to record signals simultaneously over a wide spectral range. Besides, a proper integration time is very crucial for a true spectrum without significant distortion. If the multiple exposure method were used, one could even obtain the temporal evolution of the entire spectral distortion. and 390 nm. Secondly, the recombination rate for the high energy DAPs is greater than that for the low energy pairs because of smaller separation. Greater transition rate causes faster intensity reduction and hence shorter time constant as shown by T2 16 seconds at 380 nm.
The long decay times indicate that electrons or holes are likely trapped into metastable states. We believe that the slow PL intensity reduction at 30 K is due to finite unoccupied acceptors in the sub-band. Once the pumping starts DAP recombination, the population of unoccupied acceptors begins to deplete and hence reduces the number of DAPs for transitions. This gradually quenches the recombination process and diminishes the luminescence intensity. At room temperature, the intensity reduction is insignificant, instead it is observed to rise at the commencement of pumping. As the time goes by, it rises further and eventually reaches the plateau of steady state. We have measured a very long characteristic time of 650seconds at 450 nm and noticed that the emission color changes gradually from violet to blue (observable with naked eye). It can be attributed to thermal quenching of unoccupied acceptors in the sub-bands which limits the DAP recombination rate and forces an equilibrium state of pumping and de-excitation to prevail.
SUMMARY
In conclusion, we have observed the power dependent blue-shift and intensity variation in Mg-doped GaN film that suggest DAP transition characteristics. Luminescence intensity decay was studied at 30 K with the time constants varying from a few to several hundreds seconds for emission between 360 to 460 nm. The transition mechanism and influencing factors involved in the violet-blue emission were discussed in terms of metastability due to compounded effects of uneven acceptor distribution and differential DAP population and recombination rate. 
